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Abstract The thermal stability of Poly (L-lactide) PLLA biocompatible and biodegradable polymer rein-
forced with functionalized Multiwalled carbon nanotubes (MWCNTs) was investigated. For improvement
of MWCNTs, the pristine MWCNTs (pMWCNTs) were functionalized, at first, by Friedel Crafts acylation,
which introduced the aromatic amine groups on the side wall of MWCNTs (MWCNT-NH2) without short-
ening or cutting of pMWCNTs. Then, the PLLA chainswere covalently grafted from the sidewall ofMWCNT-
NH2 by in situ ring-opening polymerization of L-lactide oligomers (LA), using stannous octanoate as the
initiating system (MWCNT-g-PLLA). The FT-IR and XPS spectra revealed that the PLLA chains grafted
strongly from the sidewall of MWCNTs. The thermo-gravimetric analysis of prepared composites with
various concentrations of MWCNT-g-PLLAs shows a significant increment in the thermal stability of com-
posites, by increasing the concentration ofMWCNT-g-PLLAs in composites. The XRD analysis revealed that
the MWCNT-g-PLLAs increased the crystallinity of PLLA, indicating that the composites with PLLA grafted
MWCNTs were more thermally stable than those of neat PLLA.
© 2013 Sharif University of Technology. Production and hosting by Elsevier B.V.
Open access under CC BY-NC-ND license.1. Introduction
Biodegradable polymers are widely studied for various
pharmaceutical and medical applications, such as surgical
sutures, tissue engineering and controlled drug delivery
systems. In order to expand the medical application field, it
is very important to give these materials novel functional
properties [1–3].
Multi-walled carbon nanotubes (MWCNTs)/polymer com-
posites are one of the most promising alternatives to polymer
composites filled with conventional fillers. This approach can
also be applied for improvement of the mechanical properties
and thermal stability of biodegradable aliphatic polyesters, such
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http://dx.doi.org/10.1016/j.scient.2013.05.019as poly(L-lactide) (PLLA), which have been receiving increased
attention due to environmental concerns [4,5].
Recently, there have been some reports on the prepara-
tion of MWCNTs/PLLA composites and MWCNTs/PCL compos-
ites to increase the mechanical properties of these polymers
[6–13]. Tsuji et al. investigated the effects of nano structured
carbon fillers, such as fullerene C60, single wall CNTs, car-
bon nanohorns, carbon nanoballoons, and conventional car-
bon fillers, on the conductivity (resistance), thermal properties,
crystallization, and degradation of PLLA. They found that the ad-
dition of carbon fillers, except for C60 and carbon nanoballoons,
lowered the glass transition temperature, whereas the addi-
tion of carbon fillers elevated softening temperatures [14–18].
In our last research, we successfully deposited monodisperse
magnetite nanoparticles with sizes less than 10 nm on pMWC-
NTs by in situ high-temperature decomposition of the precursor
iron(III) acetylacetonate and pMWCNTs in polyol solution, and
then grafted PLLA onto the side wall of the prepared magnetic
MWCNTs [19]. Due to the present application of neat PLLA for
biomedical and tissue engineering, it is necessary to consider
the toxicity of reinforcing fillers for neat PLLA. Hence, before
evier B.V. Open access under CC BY-NC-ND license.
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gineering and implantation, the non toxicity of functionalized
MWCNTs/PLLA composites must be proven [20,21].
In this paper, we report the synthesis of MWCNT-g-
PLLAs via grafting from approaching and in-situ ring-opening
polymerizations. To investigate the effect of functionalization
of MWCNTs, scanning electron microscopy (SEM) has been
carried out. The functional groups on the sidewall of MWCNTs
were monitored by Fourier transform infrared spectroscopy
(FT-IR) and X-ray photoelectron spectroscopy (XPS). To check
the effect of functionalized MWCNTs on the thermal stability
of PLLA composites, we prepared the MWCNT-g-PLLAs/PLLA
composites and used thermogravimetric analysis (TGA) and X-
ray Diffraction (XRD).
2. Experimental
2.1. Materials
Pristine MWCNTs (pMWCNTs) were purchased from the
Nanotech Port Company. The diameter of MWCNTs is 5–20 nm,
the length is 5–15 µm and the special surface area is
40–300m2 g−1. L-lactide oligomer (Xiaogan Esun NewMaterial
Co., China) was used as received. Stannous octanoate (St(Oct)2)
(Shanghai Chemical Reagent Co., China) was used as a catalyst.
P-amino benzoic acid, poly phosphoric acid and phosphoric
penta oxide (P2O5) and other reagents were purchased from
Kermel of China as analytic reagents.
2.2. Synthesis of MWCNT-NH2
Aromatic amines were introduced on the surface of the
pMWCNTs by the Friedel Crafts acylation technique. The p-
amino benzoic acid, pMWCNTs and poly phosphoric acid were
heated at 120 °C for 3 h. Then, P2O5 was added to the mixture,
and then, the mixture was heated for 12 h. The reacted mixture
was cooled anddilutedwith distilledwater, and theprecipitates
were washed with the ammonium chloride solution. Then, the
materials were washed with distilled water and then vacuum-
filtered through a 0.22µmmillipore polycarbonatemembrane.
The filtered solid was dried in an oven at 50 °C overnight.
2.3. Synthesis of MWCNT-g-PLLAs
To synthesis of MWCNT-g-PLLAs, the L-lactide oligomer was
added into a flask with Sn(Oct)2 as initiator and MWCNT-NH2
as coinitiator. For uniform dispersion of Sn(Oct)2 in the flask,
we used toluene as solvent. After degassing the flask to remove
the toluene, the flaskwas sealed under vacuum and then placed
in an oven at 130 °C for 48 h. To remove the ungrafted PLLA
chains and monomers, the synthesized material was dissolved
in chloroformand vacuum-filtered through a 0.22µmmillipore
polycarbonate membrane four times. Then, the products were
dried in an oven at 40 °C for 2 days.
2.4. Preparation of composites
The MWCNT-g-PLLAs, which were dispersed in chloroform
with various concentrations, were mixed with the neat PLLA
in chloroform to achieve MWCNT-g-PLLAs/PLLA composites;
having 0.5, 1.0, 2.0 and 3.0 wt% loading of MWCNT-g-PLLAs.
The neat PLLA homopolymers were prepared as introduced in
our previous work. The mixtures were left in glass molds threedays at room temperature for chloroform evaporation, then, the
glassmolds containing composite filmswere dried in an oven at
40 °C for 2 days until complete evaporation of the solvent. The
film of composites were removed from the glass molds and cut
for characterization.
2.5. Characterization
The SEM images referring toMWCNTswere acquired using a
Hitachi S-4700 field emission system. The samples after break-
ing were sputter coated with a thin layer (ca. 3 nm) of Au prior
to SEM imaging. The FT-IR spectra of pristine and functionalized
MWCNTs were recorded between 500 and 4000 cm−1 using a
Perkin Elmer Spectrum One FT-IR spectrometer. The XPS spec-
tra of pristine and functionalized MWCNTs were obtained us-
ing a PHI 5700 ESCA spectrometer. Non-monochromatic Al(Kα)
photonswere used for all measurements. The binding energy of
the C(1s) was set at 284.5 eV as the reference for all other peaks.
The X-ray Diffraction (XRD) method was employed for
studying the crystalline structure using a Rigaku D/max-rb
rotating anode X-ray diffractometer equipped with a rotating
copper anode (Kα, λ = 1.54 Å) at 50 kV and 40mA. The thermo
gravimetric properties of prepared materials were investigated
using a simultaneous thermal analyzer (ZRY-2P) by scanning
from 30 to 600 °C at a heating rate of 20 °C∗min−1 under
nitrogen atmosphere.
3. Results and discussions
Figure 1 gives the surface morphology of pMWCNTs,
MWCNT-NH2s and MWCNT-g-PLLAs.
The used pMWCNTs are long and varied in diameter. As
can be seen, some of the pMWCNTs were entangled with each
other. The MWCNT-NH2s, because of purificaion and acylation,
have less entangled points in comparison with pMWCNTs. The
MWCNT-g-PLLAs have a diameter much more than that of
MWCNT-NH2s. The MWCNT-g-PLLAs were entangled together
at the intersection points. This indicates that the grafting
reaction took place over the whole surface of the MWCNTs. The
grafted PLLA chains from the MWCNT can entangle with the
grafted chains of neighboring MWCNT like brush hair.
Figure 2 shows the FT-IR spectrum of pMWCNTs, MWCNT-
NH2s and MWCNT-g-PLLAs. The pMWCNTs have some weak
peaks between 2980 and 2840 cm−1 corresponding to the –CH
stretching absorption band. The FT-IR result (–CH stretching)
indicates that pMWCNTs contain defects, whichmay be formed
during their manufacture. The FT-IR spectra of MWCNT-NH2s
show a N–H band at 1235 cm−1, indicating that functional
groups were introduced onto the sidewall of MWCNTs. The
NH2 stretch band appears at 3420 cm−1. The scissoring in-
plane bending mode of the primary amine NH2 group at
1645 cm−1 is broader than other peaks in this region, such as
the carbonyl stretching and aromatic ring modes. A broad band
at 758 cm−1 is due to the out of plane NH2 bending mode.
Peaks at 2930 and 2859 cm−1 in Figure 2(3) correspond to
the –CH3 absorption band that belongs to the C–H bonds of
grafted PLLA chains. The feature at 1753 cm−1 corresponds to
the absorption of C = O stretching. It refers to ester groups
of grafted PLLA chains. The C–O stretching vibrations of the
asymmetrical coupled vibration of C–CO–O belong to the PLLA
chains. These vibrations are at 1083 cm−1 and 1185 cm−1. The
resonances due to C–CH3 stretching, –CH3 rocking mode and
the –CH3 asymmetric bending mode of PLLA are 1083, 1127,
and 1450 cm−1, respectively. The FTIR spectrums confirm that
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Figure 1: The SEMmicrographs of pMWCNTs (a), MWCNT-NH2 (b), and MWCNT-g-PLACLs (c).Figure 2: The FT-IR spectra of pristine MWCNTs (1), MWCNT-NH2s (2) and
MWCNT-g-PLLA (3).
theMWCNTs have successfully functionalized and that the PLLA
polymer chains have grafted from the sidewall of MWCNTs
strongly.
The XPS analysis can be employed to determine the
compositions on the surface of MWCNTs; the results are
introduced in Figure 3.
Table 1 shows the XPS results of the functionalization
of MWCNTs with the relative contents of carbon, nitrogen
and oxygen expressed as atomic percentages (atomic %), as a
function of acylation and PLLA grafting.
Themajor peak component at the Binding Energy (BE) about
285 eV is assigned to the C(1s), the peak component at BE of
532 eV is attributed to O(1s) on the surface of MWCNTs, the
peak at the BE of 401.8 eV corresponds to N (1s), the peak at
the BE of 488 eV corresponds to Sn(3d5/2) and the peak at theFigure 3: The XPS spectra of pristine MWCNTs(1), MWCNT-NH2s (2) and
MWCNT-g-PLLAs(3).
Table 1: The XPS analysis of pristine and functionalized MWCNTs.
Materials Element Peak (ev) Atomic%
Pristine MWCNTs C 1s 285.3 89.2
O 1s 533.9 10.8
MWCNT-NH2s C 1s 287.3 85.6
N 1s 401.8 5.2
O 1s 534.5 9.2
MWCNT-g-PLLAs C 1s 285.3 66.0
N 1s 1.8
O 1s 532.7 31.5
Sn 3d5 0.6
BE of 496 eV corresponds to Sn(3d3/2) of the initiator groups
on functionalizedMWCNTs. After acylation of pMWCNTs, it can
be seen that the amount of nitrogen atoms increased gradually,
which attributes to the amine groups. The XPS spectrum of the
1026 M. Amirian et al. / Scientia Iranica, Transactions F: Nanotechnology 20 (2013) 1023–1027Figure 4: The TGA of neat PLLA and its composite with various concentrations
of MWCNT-g-PLLA.
Figure 5: The XRD of neat PLLA and its composite with various concentrations
of MWCNT-g-PLLA.
acylatedMWCNTs C(1s) peak shows a significant high intensity
at a higher binding energy region. This peak is resulted from the
amine groups on the tube surfaces. Cases of grafting PLLA chains
from the sidewall of MWCNT-NH2s, increasing concentration
of O(1s) and detection of –C = O, O–H and C–O bonds,
indicate that PLLA chains grafted from the surface of MWCNTs
successfully.
The TGA analysis results of neat PLLA and its composites
with various concentrations of MWCNT-g-PLLAs are presented
in Figure 4.
Each of the TGA plots shows a single peak corresponding to
the maximum rate of weight loss to determine unambiguously
the peak degradation temperature. The results indicate that in-
corporation of MWCNT-g-PLLAs increases the thermal stability
of the PLLA. The composites show a higher thermal degradation
peak temperature and a larger amount of residue at the end of
the degradation compared with neat PLLA.
The XRD patterns of the neat PLACL80 and it’s composites
with MWCNT-g-PLLAs are presented in Figure 5.
As can be seen, the patterns show there are two significant
diffraction peaks at 16.7° and 19.2°, which characterize the
crystalline phase of neat PLLA, and reveal the typical α-
form described as pseudo-orthorhombic, pseudo-hexagonalor orthorhombic. It is found that the MWCNT-g-PLLAs, as
heterogonous nucleation points, increased the crystallinity of
PLLA.
4. Conclusions
An alternative grafting from approach based on in-situ ring
opening polymerization of PLLA to covalently graft onto the
MWCNT surfaces has been developed. This research suggests
that the PLLA properties can bemodified by introducing a small
percentage of functionalized MWCNTs. The MWCNT-g-PLACLs,
as heterogonous nucleation points, increased the crystallinity of
PLLA and, hence, the thermal stability of PLLA. The combination
of carbon nanotubes and biodegradable polymers open, in fact,
a new perspective in the application of biodegradable polymer
composites for biomedical applications, such as drug delivery
systems, soft tissue engineering and hard tissue engineering.
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